Abstract: A theoretical model for laser cooled continuous-wave fiber amplifier is presented. The amplification process takes place in the Tm 3+ -doped core of the fluoride ZBLAN (ZrF 4 -BaF 2 -LaF 3 -AlF 3 -NaF) glass fiber. The cooling process takes place in the Yb 3+ :ZBLAN fiber cladding.
It is shown that for each value of the pump power and the amplified signal there is a distribution of the concentration of the Tm 3+ along the length of the fiber amplifier, which provides its athermal operation. The influence of a small deviation in the value of the amplified signal on the temperature of the fiber with the fixed distribution of the Tm 3+ ions in the fiber cladding is investigated.
OCIS codes: 140.3320 (Laser cooling); 060.2310 (Fiber optics)
Heat generated in traditional exothermic solid-state amplifiers or lasers is the source of increased temperature and stress inside the amplifier or laser medium, which cause poor beam quality and limit the average output power. The very high surface-to-volume ratio and guiding in optical fiber amplifiers and lasers provide an excellent solution to compete against other high-power laser technologies based on solid-state bulk lasers, such as for example thin-disk lasers. In spite of tremendous progress in the development of high-power fiber devices, which one could see in recent years, various kinds of limitations are now encountered. Indeed the optical intensities in high-power fiber devices have increased enormously and have almost reached the damage threshold of the material. To solve this problem fiber structures with increased mode areas have been suggested. These novel high power fiber amplifiers are based on the multimode fibers with the large diameter of the fiber core [1] or the amplification process in these fiber amplifiers takes place in a rear-earth doped fiber cladding [2] . But even these schemes are ultimately limited by thermal effects if a high quality beam is required. For fibers with limited chemical stability such for example as fluoride fibers water cooling should be avoided. Lowering of the doping concentration and increase in the length of the fiber makes the cooling easier, but increase nonlinear effects such as stimulated Brillouin scattering (SBS) and stimulated Raman scattering (SRS), which can cause depletion of the amplified signal. In 1999, Steven Bowman suggested a radiation-balanced laser, where lasing is accomplished by offsetting the heat generated from stimulated emission by the anti-Stokes cooling effect [3] . The radiation-balanced laser requires precision control of the pump power at each point along the length laser medium. This is not simple problem in the case of the fiber amplifier or laser.
We present a theoretical model of laser cooled high-power fiber amplifier (Fig.1) . The amplification process resulting in heating takes place in the uniformly Yb 3+ -doped core of the ZBLAN fiber. The laser cooling takes place in non-uniformly Tm 3+ -doped fiber cladding. The ZBLAN is chosen as a host, since as low phonon material with phonon energy of ~580 cm -1 it is able to support laser cooling of solids. The concentration of the Tm 3+ ions in the cladding of the fiber is a function of the length of the fiber. It depends on the values of the input pump and signal powers and will be determined later in this paper. The idea of using anti-Stokes fluorescence to cool solid state matter was first proposed by German physicist Peter Pringsheim in 1929 [4] .
Experimentally the net radiation cooling by anti-Stokes fluorescence in solid materials was observed for the first time only in 1995 by Epstein's research team in Yb 3+ -doped ZBLANP glass [5] .
For simplicity of understanding the scheme of the laser cooled fiber amplifier let us consider first of all the amplification process in a conventional exothermic fiber amplifier with Yb 3+ -doped core and un-doped fiber cladding. The trivalent ytterbium has only two available manifolds, the 2 F 7/2 ground state and 2 F 5/2 excited state. The amplification process in this twolevel system in a steady-state condition can be described with well known rate equations described in details in Ref. [6] . In our simulations we consider a multimode fiber structure To avoid this unwanted heating we suggest using the laser cooling of the cladding of the amplifier. In this case the cladding of the fiber has to be doped with Tm 3+ ions and pumped independently from the core with the high power pump (P p cool ) named here as a cooling pump power (Fig.1) . It is important to remember that Tm 3+ -doped ZBLANP sample in the first time was laser cooled experimentally to -1.2 K from the room temperature at a pump wavelength λ p cool = 1.9 µm in 2000 [7] . [7] in our simulations the Tm 3+ -doped fiber cladding will be pumped at the same wavelength λ p cool = 1.9 µm. The cooling power generated in the fiber cladding can be calculated using the formula obtained in the paper [8] . [9] , N Tm is the density of Tm 3+ ions in the cladding of the fiber, which is a function of the length of the fiber. It will be calculated later in this paper. The cooling pump power P p cool depleted propagating along the length of the fiber. It can be calculated at any point along the length of the fiber using the equation Taking into account Eq. (1) describing the cooling power generated in the fiber cladding and Eq. (2) describing the depletion of the cooling pump power along the length of the fiber, one can easy to calculate the temperature of the fiber (T f (z)) at any point z along the length of the fiber from the equation:
where, P heat is heating power generated in the fiber core as a result of the amplification process, T r is the room temperature. are well known and can be found for example in Ref. [6] . = 0.56 is the hemispherical emissivity of the sample, is the Stefan-Boltzmann constant.
If we want to support the temperature of the fiber constant along all its length and equal for example to the room temperature we need to put T f = T r in Eq. (3) and calculate the concentration of the Tm 3+ ions (N Tm ) as a function of the length of the fiber. The concentration of the Tm 3+ ions distributed in such a manner in the fiber cladding along the length of the fiber can provide cooling of the fiber cladding compensating the heat generated in the fiber core during the amplification process. The concentration of the Tm 3+ ions in the fiber cladding as a function of the fiber length, which permits to support the temperature of the fiber amplifier constant and equal to the room temperature along all length of the fiber during the amplification process is presented in Fig.4 for the input cooling pomp power P p cool (0) = 1 kW.
In all our simulations the input signal power was equal to P s = 2W. Let see what happens with the temperature of the fiber when the input signal power slightly deviates from this value.
Of cause the distribution of the Tm 3+ ions in the fiber cladding illustrated in Fig.4 continues to be invariable in this case. As soon as the input power of the amplified signal changes and becomes equal to P s = 1.8W or P s = 2.2W the distribution of the temperature along the length of the fiber changes too. The temperatures of the fiber in both these cases are presented in Fig.5 . As one can see in Fig.5 small changes in the input power of the amplified signal cause small deviations of the temperature of the fiber from the room temperature along its length, but these deviations are not as large as in the case of the un-cooled fiber amplifier illustrated in Fig.3 and can not cause serious problem. If the input power of the amplified signal is P s = 1.8W the differences between the maximum and minimum of the distribution of the temperature along the length of the fiber is ΔT ≈ 40K. If P s = 2.2W it is ΔT ≈ 33K. This deviation in the temperature of the fiber from the room temperature with the change of the input signal power is tightly connected with the shift of the temperature peak generated by the amplification process along the length of the fiber with the change of the input signal power. This deviation in the temperature can be almost totally compensated slightly changing the length of the fiber. We want to emphasise that our scheme is valid for the amplified signals with the bandwidth Δν s > 8 GHz, where it is free from such nonlinear effects as SBS or SRS.
In summary, we have presented a theoretical scheme of a novel laser cooled high power fiber amplifier. For the first time to our knowledge it has been shown that laser cooled cladding with non-uniformly distributed Tm 3+ ions can compensate (theoretically totally) the heat generated during the amplification process in the uniformly Yb 3+ -doped core of the fiber amplifier for the fixed input pump and signal powers. Small deviation in the power of the amplified signal will cause small deviation in the temperature of the fiber, which will not cause unwanted effects connected with the high local change of the temperature of the fiber. Without loss of generality this laser cooled amplifier can be realised in another low phonon host materials and with another ions, which can support laser cooling. 
